Glial cell line-derived neurotrophic factor (GDNF) promotes neuronal survival and in£uences the development and function of synaptic connections.To test the role of GDNF on the stabilisation of synapses, we examined reinnervated neuromuscular junctions in myo-GDNF mice that over-express GDNF under control of a myogenin promoter. The level of polyneuronal innervation was increased following reinnervation in these mice, although many converging inputs were extremely ¢ne and contained few neuro¢-laments. Electrophysiological experiments con¢rmed that some inputs were weak or non-functional by showing that the increased morphological levels of polyneuronal innervation were not re£ected in the functional responses of endplates to nerve stimulation. Thus, myo-GDNF over-expression enhances reinnervation, but at the expense of both neuro¢lament integrity, and functional reliability. 
INTRODUCTION
Recent studies have demonstrated the potential for neurotrophic factors (NTFs) to act as potent regulators of synaptic structure and function, in addition to their established role in promoting neuronal cell survival [1] . For example, glial cell line-derived neurotrophic factor (GDNF) along with other NTFs including brain derived neurotrophic factor, ciliary neurotrophic factor, fibroblast growth factor and leukaemia inhibitory factor strengthen and sustain synaptic connections at neuromuscular junctions [2] [3] [4] [5] [6] [7] . NTFs could act at many levels; by encouraging the formation of new synapses, by stabilising existing synapses and enhancing synaptic transmission [7, 8] , or by promoting axonal branching [9] .
Over-expression of GDNF delays elimination of polyneuronal elimination in developing skeletal muscle [6, 10] . GDNF also increases the number and size of synaptic vesicle clusters, and enhances the probability of spontaneous neurotransmitter release (MEPPs) at neuromuscular junctions both in vivo and in vitro [7, 11, 12] . GDNF has recently been shown to rescue motoneurones in a transgenic animal model of ALS [13] , a neurodegenerative disease with significant synapse-specific components [14, 15] . Here, we examined the effects of GDNF over-expression on regeneration of neuromuscular connections in adult mice. The data suggest that GDNF also protects regenerated synapses from elimination, but many of the persistent supernumerary synapses at polyinnervated junctions may become nonfunctional.
MATERIALS AND METHODS
Mice: Mice over-expressing GDNF in muscle were kindly donated by J.W. Lichtman and J.R. Sanes (St. Louis, USA) and a breeding colony was established in Edinburgh. These myo-GDNF mice over-express GDNF under the muscle specific myogenin promoter, which drives transgene expression in muscle from embryogenesis through to the adult [6] . Mice containing the myo-GDNF transgene were identified by agarose-gel electrophoresis of tail-tip genomic DNA-PCR using myo-GDNF-specific primers, visualised with ethidium bromide fluorescence. Myo-GDNF positive mice older than 2 months old were anaesthetized by inhalation of halothane (2% in 1:1 N 2 O/O 2 ). The tibial nerve was exposed and crushed between the tips of a pair of forceps, denervating the majority of muscles in the hind foot. Mice were then kept in standard animal house conditions for 4-6 weeks before being killed by stunning and cervical dislocation. All surgical procedures were carried out under licensed authority of the UK Government Home Office.
Neuromuscular junction staining and imaging: Lumbrical muscles are particularly well suited to making quantitative measurements of structural polyneuronal innervation owing to their small size. Deep lumbrical muscles 1-3 were dissected 4-6 weeks after surgery and fixed in 0.1M PBS containing 4% paraformaldehyde for 1 h. Postsynaptic acetylcholine receptors were labelled by incubating in rhodamine-conjugated a-bungarotoxin (TRITC-a-BTX; 5 mg/ml) for 20 min. Muscles were then incubated in a 4% bovine serum albumin (BSA) and 0.5% Triton X in 0.1 M PBS blocking solution overnight at 41C. Primary antibodies against 165kDa neurofilament proteins (2H3) and the synaptic vesicle protein SV2 (both 1:200 dilution; Developmental Studies Hybridoma Bank, IA, USA) were then applied to the preparation overnight at 41C. After 30 min wash, muscles were incubated overnight in a 1:200 dilution of sheep anti-mouse FITC-antibody (Diagnostics Scotland, Edinburgh, UK). After a final wash in PBS, muscles were whole-mounted in Mowoil and imaged in a confocal microscope (BioRad Radiance 2000), using a Â 40 oil immersion objective. Images were analysed and enhanced using Adobe Photoshop.
Electrophysiology: Intracellular recordings were made 4-6 weeks after surgery. Isolated flexor digitorum brevis (FDB) nerve/muscle preparations were pinned out in a Sylgardlined chamber and perfused with mammalian physiological saline (mM: NaCl, 120; KCl, 5; CaCl 2 , 2; MgCl 2 , 1; NaH 2 PO 4 , 0.4; NaHCO 3 , 23.8; D-glucose, 5.6) equilibrated with 5% CO 2 / 95% O 2 . Muscle contractions were eliminated by bathing the preparations in 2.5 mM m-conotoxin GIIIB for 30 min. The short length of FDB muscle fibres confers an isopotential characteristic [16] , making estimates of functional polyneuronal innervation particularly reliable in this muscle. Thirty fibres per muscle were then impaled at random, using glass microelectrodes filled with 5 M sodium acetate. The FDB nerve was stimulated by a suction electrode, using 0.1-0.5 ms pulses, nominally up to 30 V in amplitude, via a Digitimer D4030 programmer and DS2 stimulator (Digitimer, Welwyn Garden City, UK). Activity was recorded using an Axoclamp-2B amplifier and stored and analysed on a PC using WinWCP v3.0.8 software (developed and distributed by Dr John Dempster, Strathclyde University, UK).
RESULTS
The aim of these experiments was to test the hypothesis that GDNF would enhance polyneuronal innervation of reinnervated muscle, as in development [6] . Muscle fibres in both wild-type and GDNF over-expressing adult mice were all mononeuronally innervated as reported previously (data not shown; see [6] ). Figure 1 shows lumbrical muscles from myo-GDNF and wild-type mice, 4-6 weeks after nerve injury and regeneration, stained for neurofilaments and SV2 (green) and with acetylcholine receptors stained using TRITC-a-bungarotoxin (red). Examples of polyneuronally innervated endplates with two or more axons converging on a single endplate were readily identifiable. There were significantly more polyneuronally innervated endplates in myo-GDNF mice (56 7 4%; mean 7 s.e.m.; n ¼ 369 junctions, 7 muscles) compared with wild-type (40 7 3%; n ¼ 820 junctions, 10 muscles; Fig. 1e ; p o 0.01; Mann-Whitney test). We also counted the numbers of axon inputs converging on polyneuronally innervated junctions (Fig. 1f) . There was no difference in the numbers of inputs in myo-GDNF muscles per endplate (2.5 7 0.2 axons) compared with wild-type controls (2.3 7 0.1 axons; p 4 0.05, Mann-Whitney test). Qualitative assessment of polyneuronally innervated endplates in myo-GDNF and wild-type mice suggested that there were also morphological differences between the two. First, the overall intensity of neurofilament staining was generally weaker in myo-GDNF muscles than in wild-type controls. Second, many of the converging axonal inputs in myo-GDNF mice were very slender compared with the majority of those supplying wild-type polyneuronally innervated endplates (compare Fig. 1c with Fig. 1a) . Other inputs to the same junction were thicker in girth (Fig. 1d) . The diminutive profile of the narrow axons suggested that they contained fewer neurofilaments than larger diameter axons [17] .
We tested the function of the regenerated synapses by electrophysiological recording, generated in response to graded electrical stimulation of FDB nerve-muscle preparations ( Fig. 2 and b) . The increased levels of polyneuronal innervation observed using morphological techniques were not detected by electrophysiology (Fig. 2c) . In fact, the incidence of polyneuronal innervation in myo-GDNF muscles was slightly, though not significantly less (maximum 22%; median 0%) than in wild-type muscles (maximum 28%; median 9%; p 4 0.05; Mann-Whitney test). These data are consistent with many of the convergent connections in reinnervated muscles of myo-GDNF being non-functional.
There was no evidence that over-expression of GDNF decreased the rate or amount of regeneration following nerve crush. By 4-6 weeks, 91% of muscle fibres responded with EPPs to nerve stimulation in both myo-GDNF and wild-type control muscles (Fig. 2d) .
We previously reported that in immature muscles, spontaneous transmitter release was acutely enhanced by doses of GDNF that maximally enhance motor neuron survival [7] . In order to test whether spontaneous transmitter release was also enhanced at reinnervated myo-GDNF neuromuscular junctions, we analysed MEPP frequencies from these preparations 4-6 weeks after nerve crush (Fig.  2e) . Quantitative analysis showed no difference in MEPP frequencies from reinnervated myo-GDNF muscles compared with reinnervated wild-type controls. Thus, in both normal saline and in high potassium saline (15 mM K + ) which enhances basal MEPP frequency (Fig. 2f) , the mean frequency of MEPPs in myo-GDNF preparations (7.50 7 3.013; mean 7 s.d.) was the same as that in wildtype muscles (Fig. 2g) .
DISCUSSION
The present study demonstrates a protective effect of GDNF against the elimination of polyneuronal innervation following nerve lesion and regeneration. Elevated levels of GDNF brought about by transgenic over-expression rescued synaptic inputs on polyneuronally innervated fibres from elimination. Thus, during the period when many wild-type muscle fibres lose their supernumerary inputs following reinnervation [18, 19] , multiple axonal inputs to neuromuscular synapses in myo-GDNF mice persisted. The current data from reinnervated adult muscle are complementary to the findings of Nguyen et al. [6] in neonatal muscle, that over-expression of muscle derived GDNF results in a prolonged period of polyneuronal innervation of neuromuscular junctions. However, in contrast to development, the present data suggest that many of the residual synapses were abnormal, and electrophysiological analysis indicated that anatomical retention of polyneuronal innervation in myo-GDNF mice occurred at the expense of functional integrity. It is thus unclear whether the mechanism by which GDNF preserves polyneuronal innervation is the same in neonates as at regenerated neuromuscular junctions in adults. In both instances GDNF could either delay synapse elimination or increase axon branching [9] .
The most likely explanation for the discrepancies in the immunocytochemical data and electrophysiological data is that some of the retained inputs observed in myo-GDNF muscles were non-functional (i.e. functionally silent). Similar discrepancies between anatomical and functional data at the neuromuscular junction have been reported in studies of developmental synapse elimination [20] , as well as synapse withdrawal following axotomy in Wld s mutant mice [21] . In fact, even in the wild-type muscles examined in the present study, the estimates of polyneuronal innervation by anatomical criteria were greater then the physiological estimates. This was also the case comparing anatomical and physiological measurements in myo-GDNF mice. The differences could perhaps be accounted for by the different muscles we used, for technical reasons, to estimate polyneuronal innervation anatomically and physiologically. However, the important point is that there was no difference in the physiological estimates of polyneuronal innervation comparing wild-type and myo-GDNF muscles, yet there was a significant and relatively large difference in the anatomical estimates comparing the transgenic line with littermate controls.
The notion that physically silent but functionally impaired presynaptic inputs can exist, in the form of silent synapses is not new [22] . Probably the frail, narrow diameter inputs are the ones which are silent, with the more robust inputs retaining their functional properties. But this does not preclude them from being important connections, or even as the eventual 'winners' in the elimination process; physically small and functionally silent synaptic connections are capable of competing for, and winning, sole innervation rights at polyneuronally innervated endplates [23, 24] . Why some inputs are presynaptically silent while others are not remains unclear. For example, lack of cytoskeletal elements (e.g. neurofilaments) might impair conduction of action potentials or axonally-transported proteins to the synaptic terminal. Alternatively, perhaps synaptic vesicle exocytosis or recycling becomes dysfunctional. But there are many other possibilities.
CONCLUSION
In this study we demonstrate that GDNF over-expression increases levels of polyneuronal innervation in reinnervated skeletal muscle. However, this increase appears to be at the expense of neurofilament integrity, functional reliability and strength of the increased numbers of synaptic connections that are formed and sustained by the over-expression of GDNF. Whether GDNF provides similar protection from elimination to regenerated axons following lesions in the CNS remains to be established. If so, it will be important to determine whether such protection is accompanied by specific, functional restoration of synaptic transmission. 
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